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Summary
Since the original ‘Zigzag model’, several iterations have been proposed to reconcile both the 
Pattern Triggered Immunity (PTI) and Effector Triggered Immunity (ETI) branches of the plant 
immune system. The recent cloning of new disease resistance genes, functioning in gene-for-gene 
interactions, which structurally resemble cell surface broad spectrum Pattern Recognition Receptors, 
have further blurred the distinctions between PTI and ETI in plant immunity. In an attempt to 
simplify further the existing conceptual models, we herein propose a scheme based on the spatial 
localization of the key proteins (receptors) which function to induce plant immune responses. We 
believe this ‘Spatial Invasion model’ will prove useful for understanding how immune receptors 
interact with different pathogen types which peripherally or totally invade plant cells, colonize solely 
extracellularly or switch locations during a successful infection.
Introduction
The principal concepts of plant immunity and the general model proposed by Jones and Dangl 
known as the ‘Zigzag model’ [1], incorporating these concepts, have been formulated in the early to 
mid-2000’s. These were largely based on the findings from studies of plant interactions with a 
relatively small number of mainly biotrophic pathogens, i.e. those that do not kill their respective 
hosts and are equipped to utilize nutrients provided by the living plant cell. It is becoming 
increasingly difficult to fit the new findings from studies of diverse pathosystems, particularly those 
that involve pathogens that thrive outside of the host cells, into the original model of plant 
immunity. Here we highlight the limitations of this model and inconsistences in the terminologies 
used to describe specific components or features of the plant immune system existing in the current 
literature. We will then touch upon the recently proposed alternative model of plant immunity 
termed the ‘Invasion model’ [2] proposed just over 3 years ago, which in our view is more inclusive 
and applicable to a wider range of plant-microbe interactions. However, we suggest a further 
simplification, refocusing only on plant interactions with pathogens, and further refinement by 
introducing a spatial categorization of plant immune receptors. Finally, we will draw special 
attention to one particular structural class of cell surface located immune receptors, namely Wall-
Associated Kinase-like (WAK) proteins [3], ﻿whose members were previously described as pectin 
receptors. With several new gene members cloned in recent years from different cereal crops 
directly implicated in control of broad-spectrum or isolate/race-specific resistance to various plant 
pathogens, WAKs are emerging as new important players in plant immunity.
Key concepts of plant immunity and the original ‘Zigzag model’
2Two branches of the plant immune system are recognized: PTI (Pattern-Triggered Immunity) and ETI 
(Effector-Triggered Immunity) [1]. PTI is considered to be based upon conserved plasma membrane-
associated extracellular Pattern-Recognition Receptors (PRRs) [4,5], such as Receptor-Like Kinases 
(RLKs) and Receptor-Like Proteins (RLPs; similar to RLKs but missing a cytoplasmic kinase domain), 
detecting highly conserved microbial features (a.k.a. Pathogen-Associated Molecular Patterns, 
PAMPs) such as bacterial cell wall-derived peptidoglycans or flagella fragments in the host apoplast. 
PTI is often (but not always) achieved without the death of the affected plant cells. Successful 
biotrophic pathogens deliver a battery of secreted proteins contributing to virulence, knowns as 
effectors, inside the host cell where some act to suppress PTI and others reprogram host cell 
metabolism and physiology to aid host colonization [6,7]. Individual genotypes within the same host 
species may possess highly variable and often dispensable intracellular receptors known as disease 
resistance (R) proteins that can sense specific effectors or monitor their activities, resulting in the 
activation of ETI. This is often but not always associated with programmed cell death of the affected 
cell, otherwise known as a hypersensitive response (HR) [8,9]. The large majority of R proteins 
studied to date belong to the NB-LRR (Nucleotide Binding Site-Leucine Rich Repeat domain) class 
[1,10]. When a particular R protein becomes widespread among host genotypes (for example 
through breeding and/or agriculture), this puts the pathogen under pressure to accumulate 
mutations in the corresponding effector protein or to lose the effector entirely, thus avoiding ETI 
[11]. The pathogen may also evolve new effector(s) able either to suppress ETI triggered by another 
effector or decoy effector(s) that are sensed by the same R protein without activation of ETI [12]. In 
turn, plants can evolve either new R proteins recognizing new effector variants or decoy proteins 
mimicking the true effector targets whose status can be sensed by the existing R proteins [12]. This 
evolutionary arms race between plants and their pathogens appears to continue indefinitely [1]. PTI 
is considered to confer resistance to a broad spectrum of pathogens or lineages of pathogens and, as 
previously mentioned, it is often thought of as a weak defense response, infrequently associated 
with HR. By contrast, ETI is thought to confer a narrower isolate- or strain-specific resistance, also 
known as gene-for-gene resistance [13], which is rapid, strong/intense, and often culminates in HR.
Limitations of the original model
The original model omits consideration of evidence that host defenses could also be triggered by 
endogenous plant-derived molecules known as Damage-Associated Molecular Patterns (DAMPs) 
[14,15], including cutin monomers or cell-wall derived oligogalacturonides (OGs) released into the 
apoplast due to the action of various pathogen-secreted cell wall degrading and other lytic enzymes, 
and secreted endogenous peptides produced in response to pathogen attack. To date, less than a 
handful of DAMP receptor genes have been isolated and characterized, but all appear to encode 
RLKs [16–18] or, in one case, a WAK protein [19]. These PRRs could easily be incorporated into the 
original model, especially since each protein seems to activate immune responses similar to those 
triggered by PAMPs. However, other new findings from studies of diverse pathosystems are 
becoming increasingly difficult to fit into the original model of plant immunity. Moreover, at least 
some of the original concepts and definitions are being challenged by the growing experimental data 
suggesting that there may be no clear distinction between PTI and ETI or PAMPs and effectors. This 
view was first voiced in 2011 by Thomma and colleagues [20], who provided a number of compelling 
examples of typical effectors that show, similar to PAMPs, a high level of sequence conservation 
within and even between the different pathogen species and PAMPs that exhibit, similar to 
effectors, at least some sequence diversity and a narrow distribution across the pathogen species. 
3Other scientists have pointed out that PTI and ETI both can be robust or weak, depending on the 
specific interaction, and that activation of HR can be separated from activation of pathogen 
resistance [21–23]. Also, PTI triggered by certain PAMPs can result in HR [20]. Further, there are 
examples of intracellular R proteins, such as barley RPG1 (kinase with tandem kinase domains) and 
wheat WKS1 (kinase containing a START lipid binding domain), which confer resistance to the stem 
and stripe rust fungi, respectively, and show remarkable sequence conservation akin to that of PRRs 
[24–26]. 
Not all pathogen effectors, even those of biotrophic pathogens, are delivered or translocated inside 
the host cell cytoplasm and some could be recognized in the apoplast by extracellular receptors 
structurally similar to PRRs. In addition, a number of fungal pathogens that cause serious diseases of 
crop plants colonize extracellular spaces and do not form specialized feeding structures or penetrate 
host cells either during entire life cycle or at least during prolonged initial phases of infection, and 
therefore these probably produce largely apoplast located effectors [27,28]. Indeed, effectors of 
these pathogens have been isolated ﻿from the apoplastic fluid or xylem sap of infected tissue and 
recognition of some of these effectors in the apoplast rather than cytoplasm have been 
demonstrated. The most well-known of these, and also featured in the original Zigzag model, are 
Avr2, Avr4, Avr5 and Avr9 of Cladosporium fulvum (recently renamed to Passalora fulva), a fungal 
pathogen that causes tomato leaf mold [29]. Perhaps unsurprisingly, these are recognized by the 
PRR-like RLPs Cf-2, Cf-4, Cf-5 and Cf-9 (Table 1), respectively, rather than by the NB-LRR class of R 
proteins. Nevertheless, plant defense induced by Cf proteins is often referred to as ETI [1]. This is 
somewhat confusing. Alternatively, Cf proteins as well as other immune receptors that recognize 
extracellular located pathogen effectors are sometimes classified as PRRs [5], which we think is 
equally confusing because each has a very narrow recognition specificity. Also, because transfer of 
some bona fide PRRs from one plant family to another may result in partial or even complete 
resistance [30] these cell surface receptors sometimes are referred to as R proteins [31]. Finally, in 
an attempt to distinguish resistance conferred by the cell-surface immune receptors recognizing 
effectors of apoplastic pathogens from ETI, a term ‘ETD’ (‘effector-triggered defense’) [27] has been 
proposed. This, we think, is also fairly confusing because ‘immunity’ and ‘defense’ are considered to 
be synonymous as ‘immunity’ is defined as a ‘host defense system’. Plus, in our opinion, host 
defenses triggered by the apoplastic effectors shouldn’t be considered distinct from those induced 
by the typical PAMPs as both are orchestrated by the structurally similar cell surface receptors and 
therefore likely involve activation of similar signaling pathways. 
The new ‘Invasion model’ and its simplification and further refinement
To address the limitations and inconsistences stated above, an alternative model of plant immunity, 
termed the ‘Invasion model’, in which host receptors (termed ‘Invasion Pattern Receptors’) detect 
either microbe-encoded or host-derived ligands that indicate invasion (termed ‘Invasion Patterns’ or 
‘IPs’), has been proposed [2]. According to this model, any molecule could serve as an IP and 
potentially be detected by an immune receptor. This model also proposes that all classes of immune 
receptors could induce either a weak or strong immune response, be phylogenetically conserved or 
variable, confer immunity to a narrow or broad range of invaders, and engage either specific or more 
common signaling pathways and components. ﻿In addition, the Invasion model considers that some 
IP-triggered responses do not necessarily result in immunity. This more general model aimed to 
describe all interactions involving plants and their pathogens/pests as well as endophytic and 
4mutualistic organisms, which is commendable but, in our view, makes the Invasion model somewhat 
too complex. We endorse these views and some of the terms/definitions but suggest (i) limiting this 
model to cover interactions of plants only with their adapted pathogens, and (ii) introducing a spatial 
dimension to the model reflecting the fact that the immune receptor-IP recognition could take place 
either outside (apoplast) or inside the host cell. Importantly, we propose to recognize two spatially 
separated immune receptor types, Cell Surface Immune Receptors (CSIRs) and Intracellular Immune 
Receptors (IIRs), which trigger mechanistically distinct defenses upon direct or indirect recognition of 
apoplastic or cytoplasmic ‘Invasion molecules’ or ‘IMs’ (see Glossary, and Figure 1). This revised and 
simplified model of plant immunity, which we term ‘Spatial Invasion model’, is less inclusive than the 
Invasion model but extends more than the Zigzag model to cover a wide range of plant-microbe 
interactions including those that involve pathogens that thrive outside of host cells. These include 
many Dothideomycete fungi that colonize apoplastic spaces and grow in close contact with the leaf 
mesophyll cells but never or rarely penetrate, such as Zymoseptoria tritici, Leptospaeria maculans, 
Mycosphaerella fijiensis, and P. fulva - causal agents of important foliar diseases of wheat, oilseed 
rape, banana and tomato, respectively. These also include species such as Rhynchosporium 
commune, Pyrenopeziza brassicae and Venturia inaequalis that grow subcuticularly in close contact 
with the leaf epidermal cells and induce serious diseases in barley, oilseed rape, and apple, 
respectively. In addition, several fungal species including Fusarium oxysporum and Verticillium dahlia 
colonize the plant vascular system, namely xylem vessels, and cause economically important wilt 
disease in tomato and several other crops. Evidence suggests that these extracellular pathogens are 
likely to be recognized primarily by CSIRs in the apoplast (Table 1) resulting in either race-specific 
[32–36] or broad spectrum [37,38] resistance.
WAK’s – a diverse family of CSIRs of particular importance for monocot plants
The WAK class of CSIRs is specific to the Plant Kingdom and deserves special mention. This is 
particularly because individual WAKs have been shown to recognize diverse IMs of either plant or 
microbial origin (i.e. those originally defined as DAMPs, PAMPs, and effectors) and orchestrate either 
pathogen nonspecific/broad-spectrum immunity or be engaged in gene-for-gene interactions. One 
of the first and the most well characterized WAKs is the Arabidopsis WAK1, which has been shown to 
bind plant cell wall pectin as well as pectin break-down products, oligogalacturonides (OGs), 
generated during pathogen attack, and to activate plant immune responses [19,39,40]. Another 
WAK protein in Arabidopsis, RFO1 [38], confers resistance to several formae speciales of F. 
oxysporum suggesting this CSIR may be recognizing a conserved IM. In contrast, the recently cloned 
wheat gene Stb6, which encodes a WAK protein, confers resistance only to those isolates of Z. tritici 
that express a particular isoform of a matching small secreted protein AvrStb6 [36,41,42]. Thus, 
members of the WAK family have now been shown to confer broad spectrum as well as pathogen 
race-specific resistances. The Arabidopsis genome contains 5 genes annotated as WAKs and 22 
additional genes annotated as WAK-like genes [43]. The WAK gene family shows dramatic expansion 
in monocots and comprises ~130 members in rice [44,45] and over 600 members in wheat [46]. This 
suggests that cell wall to cytoplasm communication may play an important role in the biology of 
monocots, including in pathogen defense. Whilst further research is clearly needed, we propose that 
that these CSIRs monitor changes in the plant cell wall, including those caused by the activity of 
pathogens, and transmit signals to the cytoplasm/nucleus to initiate various defense and / or growth 
and development processes such as cell expansion, strengthening of cell wall e.g. through 
lignification and other types of polymer depositions. Necrotrophic pathogens in particular, secrete 
5numerous Cell-Wall Degrading Enzymes (CWDEs) such as pectinases, cellulases, xylanases, and 
cutinases and some WAKs appear to have evolved ability to recognize cell-wall derived molecules 
(e.g. OGs) released by CWDEs, and to function in plant immunity. Several major genes conferring 
resistance to fungal or bacterial pathogens that encode WAKs have been recently cloned from wheat 
(Stb6), maize (Htn1 and qHSR1) and rice (Xa4) [36,47–49]. IMs recognized by Htn1 and qHSR1 are 
not known, but these are likely to be quite conserved pathogen produced molecules, as these 
immune receptors confer a quantitative type of disease resistance. Rice Xa4, similarly to wheat Stb6, 
controls a race-specific resistance and therefore probably recognizes a less conserved bacterial 
effector protein. Alternatively, because Xa4 ﻿reduces plant height by strengthening the plant cell 
wall even in the absence of the pathogen [49], the IM recognized by Xa4 may be of a plant origin. 
Interestingly, one of the other recently cloned wheat WAK genes, Snn1, has been shown to mediate 
susceptibility to the strains of ﻿a necrotrophic fungal pathogen Parastagonospora nodorum that 
produce an apoplastic necrosis-inducing effector SnTox1, and a direct interaction between wheat 
Snn1 and fungal SnTox1 has been demonstrated [50]. This data therefore shows that WAK-mediated 
defense pathways could be targeted/hijacked by necrotrophic pathogens to promote disease. 
Overall, WAKs are emerging as important new players in cereal disease resistance.
Conclusions
The immune receptor repertoire of plants is complex and rapidly increasing in both numbers and 
structural forms. These data permit putative immune receptors to be categorized into those which 
are more likely to be involved in providing resistance to different pathogen types (or invasion 
strategies). Previously this was based predominantly on the nutritional lifestyle of the pathogen, but 
as a further refinement a spatial element can now be included. We propose that broad spectrum cell 
surface immune receptors contribute to immunity in most, if not all, cases. However, the type of 
immune receptor which might be engaged in more specific resistances will depend on several 
features, one of which is the spatial localization of the infection process. Put simply, for pathogens 
that physically invade plant cells and / or are known to deliver effectors into them, the most likely 
effective resistance gene type will most frequently involve intracellular NB-LRRs. Conversely for non-
cell penetrating apoplastic pathogens and /or where there is no current evidence for transfer or 
translocation of effectors into plant cells, the specific resistance gene types will be RLKs, RLPs or 
WAKs, potentially recruited to these specific functions from the larger original pool of cell surface 
receptor proteins including those which confer broad spectrum immunity. Further research and 
resistance gene isolation for more spatially district plant-pathogen interactions is required to either 
substantiate or refute this model.
Tables
Table 1. Cloned genes for resistance to extracellular fungal pathogens.
Resistance gene
Name Class Plant Pathogen
Invasion 
molecule Reference
I LRR-RLP ﻿Solanum 
pimpinellifolium
Fusarium oxysporum f. 
sp. lycopersici
Avr1 (Six4) [51]
I-2 NB-LRR S. pimpinellifolium F. oxysporum f. sp. 
lycopersici
Avr2 (Six3) [52]
I-3 S-RLK† Solanum pennellii F. oxysporum f. sp. 
lycopersici
Avr3 (Six1) [53]
6I-7 LRR-RLP S. pennellii F. oxysporum f. sp. 
lycopersici
unknown [54]
Fom-1 NB-LRR Cucumis melo F. oxysporum f. sp. 
melonis
unknown [55]
Fom-2 NB-LRR C. melo F. oxysporum f. sp. 
melonis
AVRFOM2 [56]
RFO1 WAK Arabidopsis 
thaliana
F. oxysporum f.sp. 
matthioli
F. oxysporum f.sp. 
raphani
unknown [38]
RFO2 LRR-RLP A. thaliana F. oxysporum f.sp. 
matthioli
unknown [57]
RFO3 S-RLK A. thaliana F. oxysporum f.sp. 
matthioli
unknown [58]
Ve1 LRR-RLP Solanum 
lycopersicum
Verticillium dahlia
Verticillium albo-atrum
F. oxysporum f. sp. 
lycopersici
Ave1 [37]
Rvi6 
(HcrVf2)
LRR-RLP Malus floribunda Venturia inaequalis unknown [59]
Rvi15 
(Vr2-C)
NB-LRR M. floribunda V. inaequalis unknown [60]
LepR3 
(Rlm2)
LRR-RLP Brassica napus Leptosphaeria maculans AvrLm1 
(AvrLm2)
[61][62]
Stb6 WAK Triticum aestivum Zymoseptoria tritici AvrStb6 [36]
Cf-2 LRR-RLP ﻿S. 
pimpinellifolium
Passalora fulva Avr2 [32]
Cf-4 LRR-RLP ﻿Solanum 
hirsutum
P. fulva Avr4 [35]
Cf-5 LRR-RLP S. lycopersicum P. fulva Avr5 [33]
Cf-9 LRR-RLP S. pimpinellifolium P. fulva Avr9 [34]
Hcr9-4E LRR-RLP Solanum hirsutum P. fulva Avr4E [35,63]
†S-domain receptor-like kinase; S-domain is homologous to the self-incompatibility-locus 
glycoproteins of Brassica oleracea
Figure Legends
Figure 1. Proposed ‘Spatial Invasion model’ of plant immunity.
This new model recognizes two distinct but concurrently operating immune responses that are 
initiated in the two different compartments – apoplast and cytosol, and mediated by different 
classes of immune receptors – CSIRs (RLKs, RLPs, or WAKs) and IIRs (mostly NB-LRRs), following 
recognition of apoplast- or cytosol-located Invasion molecules (IMs). IMs could be ﻿either broadly 
conserved within or even across species or higher taxa or restricted to specific species or even to 
individual lineages (e.g. ecotypes, cultivars, isolates, and races) within the species. CSIRs and NB-
LRRs are more likely to detect evolutionary conserved and more variable IMs as indicated by the 
large upside down and the regular triangle, respectively. Importantly, extrapolating from the data 
available for some well-characterized CSIRs (e.g. FLS2, Cf-proteins) [14,64] and NB-LRR proteins (e.g. 
MLA10, RPS4) [65–68], we propose that these activate defense signaling through entirely different 
7mechanisms and also engage separate signaling components. The former initiate signaling through a 
series of plasma membrane-localized phosphorylation / dephosphorylation events and likely engage 
co-receptor RLKs, such as BAK1 (BRI1-Associated Receptor Kinase) and SOBIR1 (Suppressor of BIR1-
1) [69,70] or other types of cell surface receptors, as well as Receptor-Like Cytoplasmic Kinases 
(RLCKs). The signal in then internalized through the activation of RLCKs, Mitogen-Activated Protein 
Kinases (MAPKs) cascades, and ﻿ Ca2+-Dependent Protein Kinases (CDPKs), which leads to activation 
of ﻿the NADPH oxidase Respiratory Burst Oxidase Homologue Protein D (RBOHD) responsible for the 
production of reactive oxygen species and inactivation of the plasma membrane residing H+-ATPases 
resulting in ﻿extracellular alkalinization, as well as ultimate stimulation of Transcription Regulators 
(TRs) that regulate expression of numerous defense genes. By contrast, the precise mechanisms of 
activation and the signaling pathways leading to defense activation for many known NB-LRRs remain 
only partially understood. It appears that in the absence of pathogens, NB-LRRs are held in an 
inactive state, which is facilitated through the intramolecular interactions between their NB (bound 
to ADP) and LRR domains. Some NB-LRRs are activated following direct binding to the corresponding 
IMs, whereas activation of others is triggered following interaction with host proteins modified 
through the action of pathogen produced IMs. In each case, these protein-protein interactions 
induce a conformational change associated with the ADP to ATP exchange, which frees its N-
terminal (coiled-coil or Toll-like/IL-1 receptor) domain promoting an NB-LRR homodimerization and / 
or heterodimerization or formation of more complex interaction networks with other (‘helper’) NB-
LRRs [71,72] and initiation of downstream signaling. Exactly how the activated NB-LRRs induce 
defense signaling pathways is poorly understood. Several characterized NB-LRRs seem to be able to 
shuttle between the cytoplasm and the nucleus where they activate transcription of defense genes 
through direct interaction with TRs. Many other NB-LRRs do not seem to reside in or be able to 
translocate to the nucleus, and instead associate with the plasma membrane or other 
endomembrane compartments such as the vacuole, Golgi or late endosomes. How these NB-LRRs 
activate defense responses remains unclear, however based on the available data for the plasma 
membrane tethered NB-LRRs (such as Arabidopsis thaliana RPM1 and RPS2) this may involve influx 
of Ca2+ and various CDPKs that perceive Ca2+ signals and probably translate these into 
phosphorylation / activation of TRs [65]. Moreover, several NB-LRRs containing an N-terminal Toll-
like/IL-1 receptor domain appear to signal through Enhanced Disease Susceptibility 1 (EDS1) [23], 
whereas some NB-LRRs containing a coiled-coil domain in their N-terminus are thought to engage 
another signaling protein Non Race-Specific Disease Resistance 1 (NDR1) [73].
Acknowledgements
We would like to thank the editors for the opportunity to write this opinion article, and Prof Kim 
Hammond-Kosack for critical comments on a draft version of this manuscript. Our research is funded 
by the Biotechnology and Biological Sciences Research Council (BBSRC) of the UK Designing Future 
Wheat (DFW) Institute Strategic Programme (BB/P016855/1) and research grants BB/R019827/1 and 
BB/N018095/1.
References and Recommended Reading
1. Jones JDG, Dangl JL: The plant immune system. Nature 2006, 444:323–329.
•• The benchmark model upon which most descritpions of the plant immune system have been 
made. Still highly releveant and the first clear idea presented for the functions of pathogen effectors 
in modulating plant immunity. 
82. Cook DE, Mesarich CH, Thomma BPHJ: Understanding plant immunity as a surveillance system 
to detect invasion. Annu Rev Phytopathol 2015, 53:541–563.
•• An excellent review summarizing conceptual advances explaining the plant immune system and 
highlighting the limitations of the original 'Zigzag model' of plant immunity. Addressing these 
limitations, the authors provide an alternative, more inclusive 'Invasion model', which integrates 
experimental data from diverse pathosystems and interactions involving endophytes and mutualists 
and considers plant innate immunity as a system that evolves to detect invasion.
3. Kohorn BD, Kohorn SL: The cell wall-associated kinases, WAKs, as pectin receptors. Front Plant 
Sci 2012, 3:1–5.
4. Zipfel C: Plant pattern-recognition receptors. Trends Immunol 2014, 35:345–351.
5. Boutrot F, Zipfel C: Function, discovery, and exploitation of plant pattern recognition 
receptors for broad-spectrum disease resistance. Annu Rev Phytopathol 2017, 55:257–286.
• A comprehensive review of characterized cell surface immune receptors, their respective ligands, 
and strategies and methods used to identify new receptors and new ligands. The authors also 
discuss interspecies transfer of cell surface immune receptors and how this could be used to 
increase resistance against adapted pathogens, and a possibility to engineer immune receptors for 
improved ligand recognition and improved disease resistance.  
6. Khan M, Seto D, Subramaniam R, Desveaux D: Oh, the places they’ll go! A survey of 
phytopathogen effectors and their host targets. Plant J 2018, 93:651–663.
7. Toruño TY, Stergiopoulos I, Coaker G: Plant-pathogen effectors: Cellular probes interfering 
with plant defenses in spatial and temporal manners. Annu Rev Phytopathol 2016, 54:419–
441.
8. Katagiri F, Tsuda K: Understanding the plant immune system. Mol Plant-Microbe Interact 2010, 
23:1531–1536.
9. Dickman MB, Fluhr R: Centrality of host cell death in plant-microbe interactions. Annu Rev 
Phytopathol 2013, 51:543–570.
10. Dodds PN, Rathjen JP: Plant immunity: Towards an integrated view of plant-pathogen 
interactions. Nat Rev Genet 2010, 11:539–548.
11. Dangl JL, Horvath DM, Staskawicz BJ: Pivoting the plant immune system from dissection to 
deployment. Science 2013, 341:746–751.
12. Paulus JK, van der Hoorn RAL: Tricked or trapped - Two decoy mechanisms in host-pathogen 
interactions. PLoS Pathog 2018, 14:e1006761.
13. Flor HH: The complementary genic systems in flax and flax rust. Adv Genet 1956, 8:29–54.
14. Couto D, Zipfel C: Regulation of pattern recognition receptor signalling in plants. Nat Rev 
Immunol 2016, 16:537–552.
15. Gust AA, Pruitt R, Nürnberger T: Sensing danger: Key to activating plant immunity. Trends 
Plant Sci 2017, 22:779–791.
16. Choi J, Tanaka K, Cao Y, Qi Y, Qiu J, Liang Y, Lee SY, Stacey G: Identification of a plant receptor 
for extracellular ATP. Science 2014, 343:290–294.
17. Yamaguchi Y, Pearce G, Ryan CA: The cell surface leucine-rich repeat receptor for AtPep1, an 
endogenous peptide elicitor in Arabidopsis, is functional in transgenic tobacco cells. Proc Natl 
Acad Sci USA 2006, 103:10104–10109.
18. Hou S, Wang X, Chen D, Yang X, Wang M, Turrà D, Di Pietro A, Zhang W: The secreted peptide 
9PIP1 amplifies immunity through receptor-like kinase 7. PLoS Pathog 2014, 10:e1004331.
19. Brutus A, Sicilia F, Macone A, Cervone F, De Lorenzo G: A domain swap approach reveals a role 
of the plant wall-associated kinase 1 (WAK1) as a receptor of oligogalacturonides. Proc Natl 
Acad Sci USA 2010, 107:9452–9457.
20. Thomma BPHJ, Nürnberger T, Joosten MHAJ: Of PAMPs and effectors: The blurred PTI-ETI 
dichotomy. Plant Cell 2011, 23:4–15.
21. Gassmann W: Natural variation in the Arabidopsis response to the avirulence gene hopPsyA 
uncouples the hypersensitive response from disease resistance. Mol Plant-Microbe Interact 
2005, 18:1054–1060.
22. Bendahmane A, Kanyuka K, Baulcombe DC: The Rx gene from potato controls separate virus 
resistance and cell death responses. Plant Cell 1999, 11:781–792.
23. Heidrich K, Wirthmueller L, Tasset C, Pouzet C, Deslandes L, Parker JE: Arabidopsis EDS1 
connects pathogen effector recognition to cell compartment-specific immune responses. 
Science 2011, 334:1401–1404.
24. Brueggeman R, Rostoks N, Kudrna D, Kilian A, Han F, Chen J, Druka A, Steffenson B, Kleinhofs A: 
The barley stem rust-resistance gene Rpg1 is a novel disease-resistance gene with homology 
to receptor kinases. Proc Natl Acad Sci USA 2002, 99:9328–9333.
25. Fu D, Uauy C, Distelfeld A, Blechl A, Epstein L, Chen X, Sela H, Fahima T, Dubcovsky J: A kinase-
START gene confers temperature-dependent resistance to wheat stripe rust. Science 2009, 
323:1357–60.
26. Huang L, Sela H, Feng L, Chen Q, Krugman T, Yan J, Dubcovsky J, Fahima T: Distribution and 
haplotype diversity of WKS resistance genes in wild emmer wheat natural populations. Theor 
Appl Genet 2016, 129:921–934.
27. Stotz HU, Mitrousia GK, de Wit PJGM, Fitt BDL: Effector-triggered defence against apoplastic 
fungal pathogens. Trends Plant Sci 2014, 19:491–500.
28. Catanzariti A-M, Jones DA: Effector proteins of extracellular fungal plant pathogens that 
trigger host resistance. Funct Plant Biol 2010, 37:901-906.
29. de Wit PJGM: Cladosporium fulvum effectors: weapons in the arms race with tomato. Annu 
Rev Phytopathol 2016, 54:1–23.
30. Lacombe S, Rougon-Cardoso A, Sherwood E, Peeters N, Dahlbeck D, van Esse HP, Smoker M, 
Rallapalli G, Thomma BPHJ, Staskawicz B, et al.: Interfamily transfer of a plant pattern-
recognition receptor confers broad-spectrum bacterial resistance. Nat Biotechnol 2010, 
28:365–369.
31. Kourelis J, van der Hoorn RAL: Defended to the nines: 25 years of resistance gene cloning 
identifies nine mechanisms for R protein function. Plant Cell 2018, 30:285–299.
• A meta-analysis of 314 plant disease resistance genes, both intracellular cell surface located, 
cloned during the past 25 years. Nine different molecular mechanisms identified and characterized 
to date by which these genes can trigger disease resistance are reviewed and discussed.
32. Dixon MS, Jones DA, Keddie JS, Thomas CM, Harrison K, Jones JD: The tomato Cf-2 disease 
resistance locus comprises two functional genes encoding leucine-rich repeat proteins. Cell 
1996, 84:451–459.
33. Dixon MS, Hatzixanthis K, Jones DA, Harrison K, Jones JD: The tomato Cf-5 disease resistance 
gene and six homologs show pronounced allelic variation in leucine-rich repeat copy number. 
Plant Cell 1998, 10:1915–1925.
10
34. Jones DA, Thomas CM, Hammond-Kosack KE, Balint-Kurti PJ, Jones JD: Isolation of the tomato 
Cf-9 gene for resistance to Cladosporium fulvum by transposon tagging. Science 1994, 
266:789–793.
35. Thomas CM, Jones DA, Parniske M, Harrison K, Balint-Kurti PJ, Hatzixanthis K, Jones JD: 
Characterization of the tomato Cf-4 gene for resistance to Cladosporium fulvum identifies 
sequences that determine recognitional specificity in Cf-4 and Cf-9. Plant Cell 1997, 9:2209–
2224.
36. Saintenac C, Lee W-S, Cambon F, Rudd JJ, King RC, Marande W, Powers SJ, Bergès H, Phillips AL, 
Uauy C, et al.: Wheat receptor-kinase-like protein Stb6 controls gene-for-gene resistance to 
fungal pathogen Zymoseptoria tritici. Nat Genet 2018, 50:368–374.
• Isolation of the very first major gene, Stb6, for resistance to the apoplastic fungal pathogen 
Zymoseptoria tritici that causes a devastating foliar Septoria tritici blotch disease in wheat is 
presented. Using a combination of map-based cloning and state-of-the-art functional genomic 
approaches the authors demonstrate that Stb6 encodes a conserved wall-associated receptor 
kinase-like (WAK) protein that detects the presence of a matching apoplastic effector. This is one of 
the first examples of gene-for-gene resistance being controlled by this class of cell surface immune 
receptors. 
37. de Jonge R, van Esse HP, Maruthachalam K, Bolton MD, Santhanam P, Saber MK, Zhang Z, Usami 
T, Lievens B, Subbarao K V, et al.: Tomato immune receptor Ve1 recognizes effector of multiple 
fungal pathogens uncovered by genome and RNA sequencing. Proc Natl Acad Sci USA 2012, 
109:5110–5115.
38. Diener AC, Ausubel FM: RESISTANCE TO FUSARIUM OXYSPORUM 1, a dominant Arabidopsis 
disease-resistance gene, is not race specific. Genetics 2005, 171:305–321.
39. Decreux A, Messiaen J: Wall-associated kinase WAK1 interacts with cell wall pectins in a 
calcium-induced conformation. Plant Cell Physiol 2005, 46:268–278.
40. Decreux A, Thomas A, Spies B, Brasseur R, Cutsem P Van, Messiaen J: In vitro characterization 
of the homogalacturonan-binding domain of the wall-associated kinase WAK1 using site-
directed mutagenesis. Phytochemistry 2006, 67:1068–1079.
41. Zhong Z, Marcel TC, Hartmann FE, Ma X, Plissonneau C, Zala M, Ducasse A, Confais J, Compain J, 
Lapalu N, et al.: A small secreted protein in Zymoseptoria tritici is responsible for avirulence 
on wheat cultivars carrying the Stb6 resistance gene. New Phytol 2017, 214:619–631.
42. Kema GHJ, Mirzadi Gohari A, Aouini L, Gibriel HAY, Ware SB, van den Bosch F, Manning-Smith R, 
Alonso-Chavez V, Helps J, Ben M’Barek S, et al.: Stress and sexual reproduction affect the 
dynamics of the wheat pathogen effector AvrStb6 and strobilurin resistance. Nat Genet 2018, 
50:375–380.
43. Verica JA, He ZH: The cell wall-associated kinase (WAK) and WAK-like kinase gene family. Plant 
Physiol 2002, 129:455–459.
44. de Oliveira LFV, Christoff AP, de Lima JC, de Ross BCF, Sachetto-Martins G, Margis-Pinheiro M, 
Margis R: The wall-associated kinase gene family in rice genomes. Plant Sci 2014, 229:181–
192.
45. Zhang S, Chen C, Li L, Meng L, Singh J, Jiang N, Deng XW, He ZH, Lemaux PG: Evolutionary 
expansion, gene structure, and expression of the rice wall-associated kinase gene family. 
Plant Physiol 2005, 139:1107–1124.
46. International Wheat Genome Sequencing Consortium (IWGSC), IWGSC RefSeq principal 
investigators:, Appels R, Eversole K, Feuillet C, Keller B, Rogers J, Stein N, IWGSC whole-genome 
assembly principal investigators:, Pozniak CJ, et al.: Shifting the limits in wheat research and 
11
breeding using a fully annotated reference genome. Science 2018, 361:eaar7191.
47. Hurni S, Scheuermann D, Krattinger SG, Kessel B, Wicker T, Herren G, Fitze MN, Breen J, Presterl 
T, Ouzunova M, et al.: The maize disease resistance gene Htn1 against northern corn leaf 
blight encodes a wall-associated receptor-like kinase. Proc Natl Acad Sci USA 2015, 112:8780–
8785.
• A key early example of a function for WAK-like receptor kinases in providing disease resistance 
towards hemibiotriophic fungi. Clear example of how alterations in the intracellular kinase domain 
compromised disease resistance.
48. Zuo W, Chao Q, Zhang N, Ye J, Tan G, Li B, Xing Y, Zhang B, Liu H, Fengler KA, et al.: A maize 
wall-associated kinase confers quantitative resistance to head smut. Nat Genet 2015, 47:151–
157.
•• Describes WAK-like protein ZmWAK which confers quantitative resistance to the maize head smut 
fungus Sporisorium reilianum. This soil-borne pathogen infects maize roots at the seedling 
emergence stage and then grows vegetatively to invade the apical meristem and cause disease on 
ears or tassels. ZmWAK appears to function by arresting the biotrophic growth of the fungus 
specifically preventing it to pass through mesocotyl and rich aerial tissues. 
49. Hu K, Cao J, Zhang J, Xia F, Ke Y, Zhang H, Xie W, Liu H, Cui Y, Cao Y, et al.: Improvement of 
multiple agronomic traits by a disease resistance gene via cell wall reinforcement. Nat Plants 
2017, 3:17009.
•• This article describes the isolation of resistance gene Xa4 encoding a WAK-like protein which 
confers race-specific durable resistance against Xanthomonas oryzae pv. oryzae, which causes the 
most damaging bacterial disease in rice worldwide. Importnatly, the authors demonstrate that the 
gene plays many roles in re-enforcing the plant cell wall giving a first indication that this may be a 
promary function of WAKs in plant immunity.
50. Shi G, Zhang Z, Friesen TL, Raats D, Fahima T, Brueggeman RS, Lu S, Trick HN, Liu Z, Chao W, et 
al.: The hijacking of a receptor kinase-driven pathway by a wheat fungal pathogen leads to 
disease. Sci Adv 2016, 2:e1600822.
•• The first and to date the only report clearly demonstrating the function of a WAK-like protein in 
disease susceptibility. The wheat Snn1 gene confers susceptibility to strains of the fungal 
pathogen Parastagonospora nodorum that produce the necrotrophic effector SnTox1. This report 
demonstrated that WAK-like proteins can also be hijacked by necrotrophic fungi and serves as 
another example for the inverse gene-for-gene model for interactions between plants and this type 
of fungi.
51. Catanzariti A-M, Do HTT, Bru P, de Sain M, Thatcher LF, Rep M, Jones DA: The tomato I gene for 
Fusarium wilt resistance encodes an atypical leucine-rich repeat receptor-like protein whose 
function is nevertheless dependent on SOBIR1 and SERK3/BAK1. Plant J 2017, 89:1195–1209.
52. Simons G, Groenendijk J, Wijbrandi J, Reijans M, Groenen J, Diergaarde P, Van der Lee T, 
Bleeker M, Onstenk J, de Both M, et al.: Dissection of the fusarium I2 gene cluster in tomato 
reveals six homologs and one active gene copy. Plant Cell 1998, 10:1055–1068.
53. Catanzariti A-M, Lim GTT, Jones DA: The tomato I-3 gene: a novel gene for resistance to 
Fusarium wilt disease. New Phytol 2015, 207:106–118.
54. Gonzalez-Cendales Y, Catanzariti A-M, Baker B, Mcgrath DJ, Jones DA: Identification of I-7 
expands the repertoire of genes for resistance to Fusarium wilt in tomato to three resistance 
gene classes. Mol Plant Pathol 2016, 17:448–463.
55. Brotman Y, Normantovich M, Goldenberg Z, Zvirin Z, Kovalski I, Stovbun N, Doniger T, Bolger 
AM, Troadec C, Bendahmane A, et al.: Dual resistance of melon to Fusarium oxysporum races 0 
12
and 2 and to Papaya ringspot virus is controlled by a pair of head-to-head-oriented NB-LRR 
genes of unusual architecture. Mol Plant 2013, 6:235–238.
56. Joobeur T, King JJ, Nolin SJ, Thomas CE, Dean RA: The Fusarium wilt resistance locus Fom-2 of 
melon contains a single resistance gene with complex features. Plant J 2004, 39:283–297.
57. Shen Y, Diener AC: Arabidopsis thaliana RESISTANCE TO FUSARIUM OXYSPORUM 2 implicates 
tyrosine-sulfated peptide signaling in susceptibility and resistance to root infection. PLoS 
Genet 2013, 9:e1003525.
58. Cole SJ, Diener AC: Diversity in receptor-like kinase genes is a major determinant of 
quantitative resistance to Fusarium oxysporum f.sp. matthioli. New Phytol 2013, 200:172–184.
59. Belfanti E, Silfverberg-Dilworth E, Tartarini S, Patocchi A, Barbieri M, Zhu J, Vinatzer BA, 
Gianfranceschi L, Gessler C, Sansavini S: The HcrVf2 gene from a wild apple confers scab 
resistance to a transgenic cultivated variety. Proc Natl Acad Sci USA 2004, 101:886–890.
60. Schouten HJ, Brinkhuis J, van der Burgh A, Schaart JG, Groenwold R, Broggini GAL, Gessler C: 
Cloning and functional characterization of the Rvi15 (Vr2) gene for apple scab resistance. Tree 
Genet Genomes 2014, 10:251–260.
61. Larkan NJ, Lydiate DJ, Parkin IAP, Nelson MN, Epp DJ, Cowling WA, Rimmer SR, Borhan MH: The 
Brassica napus blackleg resistance gene LepR3 encodes a receptor-like protein triggered by 
the Leptosphaeria maculans effector AVRLM1. New Phytol 2013, 197:595–605.
62. Larkan NJ, Ma L, Borhan MH: The Brassica napus receptor-like protein RLM2 is encoded by a 
second allele of the LepR3/Rlm2 blackleg resistance locus. Plant Biotechnol J 2015, 13:983–
992.
63. Westerink N, Brandwagt BF, de Wit PJGM, Joosten MHAJ: Cladosporium fulvum circumvents 
the second functional resistance gene homologue at the Cf-4 locus (Hcr9-4E) by secretion of a 
stable avr4E isoform. Mol Microbiol 2004, 54:533–545.
64. Saijo Y, Loo EP, Yasuda S: Pattern recognition receptors and signaling in plant-microbe 
interactions. Plant J 2018, 93:592–613.
• One of the more recent and most comprehensive reviews on cell surface immune receptors, their 
regulation, interactions and functions in providing immunity in a wide range of example settings.
65. Cui H, Tsuda K, Parker JE: Effector-triggered immunity: from pathogen perception to robust 
defense. Annu Rev Plant Biol 2015, 66:487–511.
66. Monteiro F, Nishimura MT: Structural, functional, and genomic diversity of plant NLR proteins: 
an evolved resource for rational engineering of plant immunity. Annu Rev Phytopathol 2018, 
56:243–267.
• A recent and comprehensive review which describes how the structural, functional, and genomic 
diversity of intracellular (‘NB-LRR’) plant immune receptors can provide a valuable resource for 
rational engineering of plant immunity.
67. Zhang X, Dodds PN, Bernoux M: What do we know about NOD-like receptors in plant 
immunity? Annu Rev Phytopathol 2017, 55:205–229.
• This review gives an update on the latest discoveries and breakthroughs in elucidating the 
structure and functions of plant NOD-like (‘NB-LRR’ or ‘NLR’) type intracellular immune receptors, 
including some interesting comparison to animal NLRs, which provides additional insights and 
paradigms in plant NLR function.
68. Qi D, Innes RW: Recent advances in plant NLR structure, function, localization, and signaling. 
Front Immunol 2013, 4:348.
13
69. Liebrand TWH, van den Burg HA, Joosten MHAJ: Two for all: receptor-associated kinases 
SOBIR1 and BAK1. Trends Plant Sci 2014, 19:123–132.
70. Yasuda S, Okada K, Saijo Y: A look at plant immunity through the window of the multitasking 
coreceptor BAK1. Curr Opin Plant Biol 2017, 38:10–18.
71. Wu C-H, Abd-El-Haliem A, Bozkurt TO, Belhaj K, Terauchi R, Vossen JH, Kamoun S: NLR network 
mediates immunity to diverse plant pathogens. Proc Natl Acad Sci USA 2017, 114:8113–8118.
•• A comprehensive study supporting an emerging concept of intracellular NB-LRR (‘NLR’) immune 
receptor functions in networks involving "sensor" NLR proteins which are paired with "helper" 
NLRs. The complex genetic networks of NLRs revealed points to a link between evolutionary history 
and the mechanism of immune signaling. The authors propose that this NLR networks increase the 
robustness of immune signaling to counteract rapidly evolving plant pathogens.
72. Wu C-H, Derevnina L, Kamoun S: Receptor networks underpin plant immunity. Science 2018, 
360:1300–1301.
73. Knepper C, Savory EA, Day B: Arabidopsis NDR1 is an integrin-like protein with a role in fluid 
loss and plasma membrane-cell wall adhesion. Plant Physiol 2011, 156:286–300.
Cell Surface
Immune Receptors Immune ReceptorsInvasion Molecules
Broad spectrum 
(evolutionary conserved)
Narrow spectrum
(evolutionary variable)
Intracellular
Ex
tra
ce
llu
lar
 
re
co
gn
iti
on
In
tra
ce
llu
lar
 
re
co
gn
iti
on
Phosphorylation
cascades
(MAPKs, CDPKs)
Conformational changeDynamic receptor 
complex formation
(BAK1, SOBIR, RLCKs)
Transphosphorylation
TRsRBOHD H+-ATPases
RLK
RLP
WAK
NB-LRR
Homo-/hetero-
oligomerization
ADP to ATP exchangeActivation
Signal 
transduction
Downstream 
components
Apoplast-initiated immune response Cytosol-initiated immune response
TRs? ?
EDS1 NDR1CDPKs
Glossary: Terms used in the proposed ‘Spatial Invasion Model’ of plant immunity
Invasion Molecules (IMs) – sensu stricto PAMPs, effectors (both apoplastic and cytosolic), 
and DAMPs, as well as any other pathogen- or plant-encoded evolutionary conserved or 
variable molecules that signal invasion and trigger immune responses. 
Immune receptors – plant proteins that perceive IMs and orchestrate immune responses, 
including sensu stricto PRRs as well as R proteins.
Cell Surface Immune Receptors (CSIRs) – membrane-associated plant proteins containing 
domains extending into the extracellular space (such as RLKs, RLPs, and WAKs) that perceive 
apoplastic IMs.
Intracellular Immune Receptors (IIRs) – plant proteins located inside the cell (mostly NB-
LRRs) that perceive cytosolic IMs.
